IMPORTANCE Elevated intraocular pressure is a major risk factor for glaucoma, a leading cause of irreversible blindness worldwide. Environmental air pollution has been suggested as a potential contributor to elevated intraocular pressure; however, no studies have demonstrated such an association to date.
B lack carbon (BC), a byproduct of combustion processes, is among the most pervasive ambient particles in the world. 1 Exposure to BC has a well-documented association with numerous adverse health outcomes, but the association of BC with increased systemic blood pressure (BP) is among the most extensively studied. [2] [3] [4] Existing studies both replicate the BC-BP association and provide evidence suggesting that biological processes, such as endothelial function, metal processing, and oxidative stress, may explain elements of the association.
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Intraocular pressure (IOP) is a major modifiable risk factor for ocular diseases, including glaucoma, a leading cause of blindness in the world.
9,10 Evidence suggests that elevated systemic BP and elevated IOP share some physiologic mechanisms. [11] [12] [13] [14] [15] To our knowledge, studies of the association of ambient BC with IOP in a population-based sample have not yet been performed. Understanding this association might provide another reason for reducing the contribution of BC to environmental pollution, especially if subsequent studies add adequate strength to such an association. 16, 17 We hypothesized that BC exposure is associated with increased IOP and that biological processes involved in the BC-BP association are also implicated in the BC-IOP association. The latter hypothesis was evaluated by testing if genetic variants in 3 biological pathways implicated in ambient particlerelated disease (endothelial function, metal processing, and oxidative stress) could modify the association of BC with IOP. 5 The present study was conducted from October 18, 2017, to March 22, 2018. We tested these hypotheses by using longitudinal data from the all-male cohort of the US Department of Veterans Affairs (VA) Normative Aging Study (NAS). Since its establishment in 1963, the NAS has collected a multitude of health-related variables throughout participants' lifetimes with the aim of conducting analyses to better understand the aging process. 18 The present study is in line with that NAS aim.
Methods

Study Population
The NAS is an ongoing longitudinal study of aging in male volunteers. In 1963, it began to recruit male participants from the Greater Boston area who were free of any chronic disease.
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Although now a closed cohort, the NAS participants return for follow-up study visits every 3 to 5 years since recruitment. These on-site, follow-up visits involve comprehensive physical examinations and detailed collection of data on lifestyle factors that may affect health, including physical activity, diet, smoking habits, alcohol intake, and medications. In this cohort, dropout has been less than 1% per year and predominantly occurs when participants move out of the study area.
In the present study, the sample (419 men with 911 study visits) consisted of NAS participants who had all available exposure, outcome, sociodemographic, genetic, and clinical data. 
Intraocular Pressure Assessment
In the morning of each study visit, predilated IOP of right and left eyes was measured by an ophthalmologist using Goldmann applanation tonometry (the current criterion standard).
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Measurements could range from 0 to 30 mm Hg, but our study sample had a range of 5 to 28 mm Hg. For each participant, we calculated the IOP between both eyes to obtain a mean IOP.
BC Exposure Assessment
We focused on long-term (1-year) BC exposure because it has previously been associated with BP and has consistently been associated with other aging-related diseases. [20] [21] [22] [23] We began by using a validated spatiotemporal land-use regression model to generate daily BC exposure estimates (in micrograms per cubic meter) at the 1 × 1-km area resolution on the basis of participants' residences. 24 The spatiotemporal model was based on information from daily BC concentrations at a central monitor, daily BC concentrations at 83 monitoring sites throughout the Greater Boston area, land use (eg, traffic density), meteorological conditions (eg, wind speed), and other descriptors (eg, day of the week). In the training data set, the prediction model had a high multivariate coefficient of determination (R 2 ) of 0.83, and the mean correlation between estimated values and observed BC levels in 4 out-of-sample validation samples was moderate (R 2 = 0.59). Mean daily exposures for the 365 days prior to the day of each participant's NAS visit were calculated to obtain the 1-year exposure estimate.
Allelic Risk Scores
We used genotyping data from the NAS data set and a novel allelic risk score method that was independently developed by Bind et al 5 to investigate interactions between environmental exposures and the biological pathways of endothelial function, metal processing, and oxidative stress. Bind et al 5 developed the scores using the known biological functionality of genetic polymorphisms 25 and independent outcomes representative of each pathway (augmentation index
Key Points
Question What is the association between long-term ambient black carbon exposure and intraocular pressure?
Findings In this analysis of 911 follow-up visits by 419 older men enrolled in a longitudinal cohort study, the association of long-term black carbon exposure with intraocular pressure was greater in individuals with a high oxidative stress allelic score when compared with individuals with a low score.
Meaning Ambient black carbon exposure may be a risk factor for increased intraocular pressure, particularly in individuals susceptible to other biological oxidative stressors.
for endothelial function, patella lead concentration for metal processing, and 8-hydroxy-2′-deoxyguanosine for oxidative stress). Each score represents a pathway-specific allelic risk profile, and scores are dichotomized as high or low allelic risk according to score distributions in the study sample of interest (ie, high: ≥median; low: <median). Further details on the allelic scores can be found in the original publication.
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Statistical Analysis
We used linear mixed-effects models with data from all patient visits to determine the association of 1-year BC levels with mean IOP. , alcohol intake (yes or no; ≥2 drinks daily), systolic BP (continuous), diastolic BP (continuous), fasting blood glucose level (continuous), C-reactive protein level (continuous), and total serum cholesterol level (continuous). Tier 3 paralleled tier 2 but replaced fasting blood glucose level, systolic and diastolic BP, and cholesterol level with the dichotomized disease variables of diabetes, hypertension, and ischemic heart disease. To examine the robustness of tier 3, we created a fourth tier of covariates. Tier 4 used the tier 3 covariates but made an additional adjustment for glaucoma defined as follows: 1. either eye's cup-disc ratio of 0.7 or higher; 2. asymmetric cup-disc ratio (the difference of 2 eyes' cupdisc ratio ≥0.2); 3. any eye's cup-disc ratio of 0.6 or higher, with either disc hemorrhage or visual field defect; or 4. vision loss resulting from nerve fiber layer loss. Tier 3 resulted in the best model fit (lowest Akaike information criterion) and was used as the final fully adjusted model.
For descriptive purposes, we ran a preliminary model of BC and the 3 allelic risk scores as joint predictors of mean IOP using the fully adjusted framework. We tested whether any of the allelic risk scores substantially modified the association of BC with mean IOP. False discovery rate correction was conducted with the Benjamini-Hochberg procedure. 30 To further examine the robustness of our effect modification findings, we ran sensitivity analyses using the tier 4 covariates without alterations and then with the glaucoma and hypertension disease status replaced with glaucoma eyedrops and any antihypertensive medication. All statistical analyses were performed using R, version 3.4.1 (R Core Team). Linear mixed-effects models were run using the lme function of the nlme R package 31 and included a random participant-specific intercept to account for the correlation between repeated outcome measures (ie, multiple visits for a participant). The lme function uses a t distribution/ statistic to calculate a 2-sided P value. P < .05 was considered to be statistically significant.
Results
Descriptive Statistics
The demographic and clinical characteristics of participants across all study visits are presented in Among the 911 visits, 520 (57.1%) showed evidence that the participant had a high endothelial function allelic risk score; 644 (70.7%), a high metal-processing allelic risk score; and 623 (68.4%), a high oxidative stress allelic risk score. The pathway-specific genetic variants used to generate the allelic risk scores are presented in Table 2 . Participants with a low endothelial function or a low oxidative stress allelic risk score did not differ in mean 1-year BC exposures from their counterparts with high allelic risk scores ( Figure 1A ). Participants with a low metal-processing allelic risk score had a higher mean 1-year BC exposure Table 3 presents the results of the tiered framework we used to examine the direct associations of 1-year BC exposure with mean IOP. We did not observe a direct association of IQR increases in 1-year BC exposure with mean IOP in the tier 1 model, which was adjusted for age and year of visit (β = 0.07; 95% CI, −0.23 to 0.37; P = .64). In addition, we did not observe an association after adjusting for important covariates and confounders in the tier 2 model (β = 0.13; 95% CI, −0.18 to 0.45; P = .40), the final fully adjusted tier 3 model (β = 0.14; 95% CI, −0.18 to 0.45; P = .40), or the tier 4 model (β = 0.13; 95% CI, −0.19 to 0.44; P = .42). Again, tier 3 was selected as the final fully adjusted framework because it reflected the best model fit (ie, lowest Akaike information criterion, including important lifestyle and disease covariates). No association with BC was observed when we modeled BC exposure and the 3 allelic risk scores as joint predic- Figure 2 depicts the modifying association of the 1-year BC exposure with mean IOP. Of all of the allelic risk scores for each of the 3 pathways (endothelial function, metal processing, and oxidative stress), only the oxidative stress allelic score changed the association of BC with IOP (false discovery rate-corrected P = .03 for interaction). Specifically, the association was greater in individuals who had high oxidative stress allelic risk scores (β = 0.36; 95% CI, 0.003-0.73) when compared with individuals who had low oxidative stress allelic risk scores (β = −0.35; 95% CI, −0.86 to 0.15). Our results remained unchanged in the sensitivity analysis using the tier 4 model (ie, glaucoma added as a variable in the fully adjusted tier 3 model) (Figure 2 ). In the sensitivity analysis, in which the variables for glaucoma eyedrops and antihypertensive medications were used instead of glaucoma and hypertension disease status, again high oxidative stress allelic risk scores (β = 0.36; 95% CI, -0.008 to 0.72) were compared with low oxidative stress allelic risk scores (β = −0.34; 95% CI, -0.84 to 0.17).
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Discussion
In the present study, we describe the novel association among long-term BC exposure, oxidative stress polymorphisms, and IOP in a cohort of community-dwelling men. These associations persisted even after adjusting for important disease states, such as inflammation, glaucoma, obesity, ischemic heart disease, and diabetes. These results suggest that ambient BC exposure may be a risk factor for elevated IOP in individuals at risk for elevated oxidative stress that is independent of discernable disease diagnoses. To our knowledge, this is the first study to report the association of an ambient air pollutant with intraocular pressure on a population level. As such, this study may point to the potential need to broaden the factors considered when evaluating and managing elevated IOP. It has long been postulated that environmental air pollution may affect eye health; however, evidence supporting this theory is limited. The present study addresses this research gap. Although we considered genetic polymorphisms from 3 different pathways (endothelial function, metal processing, and oxidative stress), we observed findings only in oxidative stress genetic risk. In addition, the polymorphisms used to generate these genetic scores were selected using the independent outcomes of pathways related to the polymorphisms. In the case of the oxidative stress allelic risk score, this score was developed from polymorphisms associated with serum levels of 8-hydroxy-2′-deoxyguanosine, 5 which is one of the most common and quantifiable DNA adducts that reflects cellular oxidative stress. 32 Thus, the oxidative stress score, although still a measure of genetic risk, is associated with a tangible, physiologic measure of oxidative stress. When individuals with high or low oxidative stress allelic risk scores were compared, we detected a moderate difference in mean IOP (0.73 mm Hg) for an IQR increase in 1 year of BC exposure. These results suggest that BC exposure susceptibility may be biologically important. Independent of ambient air pollution, increased oxidative stress or reduced antioxidant capacity has been linked to elevated IOP and glaucoma pathologic findings. 33, 34 For example, a 2017 study compared blood and aqueous humor samples in 96 patients with glaucoma with samples from 64 age-matched healthy controls. The researchers observed higher levels of protein carbonyls and other oxidative stress-related molecular measures in the blood and more prominently in the aqueous humor from individuals with glaucoma. 35 Another study of 531 individuals reported an association between systemic oxidative stress and IOP. The researchers first quantified biological antioxidant potential in the participants' serum and then observed that individuals with the lowest biological antioxidant potential were more likely to have higher IOP.
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The conclusions reached by these observational studies are further supported by experiments in animal models, which provide a greater mechanistic understanding of the association of oxidative stress with IOP physiologic features. 37,38 Additional support for these conclusions can be derived from human studies that suggest that oxidative stress-reducing activities (eg, diet, exercise) may curtail some IOP-related conditions. 39,40 Exposure to BC has been identified as a source of localized and systemic oxidative stress 8 ; thus, BC may be acting through some of the same oxidative stress physiologic functions already associated with glaucoma and IOP. Still, further research is necessary to confirm our findings and to better establish this association.
We found a novel gene-environment interaction associated with IOP, which is consistent with findings from other studies investigating gene-environment interactions and smoking. A 2011 study reported interactions between the NOS3 gene rs7830 single-nucleotide polymorphism and smoking, which can be viewed as a personal form of air pollution. Specifically, CC homozygous individuals who were past or current smokers were at a greater risk of developing primary openangle glaucoma when compared with CC homozygous individuals who were never smokers. However, no association with smoking was found in carriers of the single-nucleotide polymorphism A variant. 41 Like the present study, the study by Kang et al 41 revealed an association that may have been missed if gene-environment interactions had not been considered. ) in 1 year of black carbon exposure was compared between participants with low pathway-specific allelic risk scores and those with high scores in 3 model frameworks. Tier 3 indicates the main fully adjusted mixed-effects model; tier 4, sensitivity analysis model using the tier 3 model adjusted for glaucoma disease status; and medication, sensitivity analysis using the tier 3 model adjusted for glaucoma eyedrops and hypertension disease status replaced with antihypertension medication. P values were corrected for false discovery rate.
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Moreover, it also exposed a more nuanced but important point: Not all environmental exposures may be directly associated with IOP-related eye diseases. Future research into why some exposures are directly, indirectly, or not associated with eye diseases will be useful for better understanding disease pathogenesis and potentially safeguarding vulnerable populations from disease onset. 42 
Strengths and Limitations
The strengths of the present study include the use of novel genetic pathway tools and a longitudinal cohort as well as the repeated measures of ambient pollutant exposures, IOP, covariates, and potential confounders. However, the study has some limitations. First, we used an allelic risk score approach that does not provide genome-wide resolution of the 3 biological pathways and that allots polymorphisms equal weights when they may have different functional magnitudes. 5 Still, the variants we used were developed in an independent study and have been used in other studies since they were first described. 43, 44 Moreover, the variants are representative of their respective biological pathways. Second, we used a validated spatiotemporal model to estimate 1-year BC levels at the participant home. Given that most participants are retired and spend most of their time at home, these estimates were believed to be good proxies of the participants' personal exposure. Moreover, any nondifferential misclassification bias from this approach of estimating personal exposures is likely to attenuate statistical associations rather than steer them away from the null. 45, 46 Last, this study cohort consisted of older white men residing in a lightly polluted environment, the lower bound of the 95% CI for the observed association in the high oxidative stress genetic risk group was close to zero, and the design did not reflect causality. These final points reflect the need for additional studies involving other environments, other demographics, and larger groups to confirm our findings more broadly.
Conclusions
This study highlights the potential contributions of geneenvironment interactions to the complex physiologic functions of IOP-related disease. This finding could be particularly important because most of the global burden of eye disease is in the developing world. 47 The differences in the global prevalence of eye disease are often attributed to genetics alone or the difficulties with health care access that affect early disease detection, management, and treatment. 48 These factors are highly relevant but also note that the developing world often faces a larger burden of environmental pollution.
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Annual BC exposure levels greater than 5 times the levels observed in our study have been reported in India and China. 50, 51 Of importance, the present associations, although novel, do not prove causality and should not affect policy in isolation.
Whether these findings persist in more diverse populations experiencing greater pollution and in study designs that can demonstrate causality will be interesting to see. If these future studies substantiate this association, integrated initiatives (ie, combining environmental improvement, socioeconomic outreach, and targeted pharmaceutical interventions) may prove useful for future policy or public health initiatives aimed at addressing the global burden of eye disease.
